Abstract. When people solve spatial problems, they often spontaneously produce gestures. Gesture can be a window into our mind, especially the spatio-motoric thinking process (McNeill, 1992; Kita, 2000) . According to the embodied view of cognition, our knowledge is shaped by the interaction between our body and the environment, and cognition is based on simulations of real-world actions and perceptions (Barsalou, 1999; Glenberg, 1997) . Therefore, spontaneous gestures, as simulated actions underlying speaking and thinking, can provide insights into the development of individuals' strategies in problem solving and improve individuals' understanding of the problems by providing rich sensori-motor experiences (e.g., Hostetter & Alibali, 2008; McNeill, 2005) .
of the whole experiment. Furthermore, the frequency of both types of gestures decreased over the course of the experiment, while the distance between the gesturing hand and the stimulus object on the screen increased over the course of the experiment.
Figure 1. An example stimulus of the mental rotation task
We concluded that when adults solve novel spatial problems, they initially use hand-object-interaction gestures to simulate the manipulation of the object. At this stage, the strategy is restricted by both the physical properties of the stimulus object and the anatomical constrains of hand and arm. When participants start producing object-movement gestures, the problem solving strategy becomes more self-contained and less anchored to the stimulus object. At this stage, the representation of the agent drops out from the problem solving strategy, and the strategy is only restricted by the anatomical limitations of hand and arm. Finally, the decrease in frequency of both types of gestures indicates that the problem solving strategy no longer requires overt gestures, and people can solve the problem by internal models. At this point, the problem solving strategy is finally liberated from the restrictions of the physical world, and can be used with great efficiency. We concluded that when adults solve novel problems regarding the physical world, they go through developmental processes, such as internalization (Piaget, 1968) and symbolic distancing (Werner & Kaplan, 1963) , just like young children, albeit within a much shorter time span.
However, it is still unclear from Chu and Kita (2008) whether gestures can improve spatial problem solving, and if so, how they enhance spatial problem solving. Therefore, in Chu and Kita (2011), we investigated the functional role and underlying mechanism of spontaneous gestures in spatial problem solving.
In Experiment 1, we examined whether difficult spatial problems trigger more gestures. Participants were given the same mental rotation task as used in Chu and Kita (2008) . We found that participants took longer time and made more errors in 120° and 240° trials than in 60° and 300° trials. These results indicates that 120° and 240° trials were more difficult than 60° and 300° trials. In addition, the gesture frequencies were higher in 120° and 240° trials than in 60° and 300° trials. Therefore, participants spontaneously produced gestures to help them when they have difficulty in solving mental rotation problems.
In Experiment 2, we directly examined whether co-thought gestures improve performance in spatial problem solving by manipulating the gesture availability. Participants were given two identical blocks of the same mental rotation task as used in Experiment 1, except that the length of each trial was fixed in order to eliminate a possible speed-accuracy trade-off. In the first block, participants were allocated to the following three groups: (1) the gesture-encouraged group, in which participants were encouraged to gesture while solving mental rotation problems; (2) the gestureprohibited group, in which participants were required to sit on their hands to inhibit gesturing; (3) the gesture-allowed group, in which gesture was not mentioned in the instructions, but participants were able to move their hands freely. In the second mental rotation block, participants were given the same mental rotation task as used in the first block, except all three groups were now required to sit on their hands while solving the problems. We found that the gesture-encouraged group correctly solved more mental rotation problems in the first block than the two control groups (gestureallowed group and gesture-prohibited group). In the second block, where no subjects were able to gesture, the gesture-encouraged group still performed best, compared to the two control groups. Thus, gesture can indeed improve spatial problem solving and it has a lasting beneficial effect even when gesture is not available
In Experiment 3, we examined whether the beneficial effect of gesture can be generalized to new objects and new tasks that share similar spatial transformation processes. Participants were first given the same mental rotation block as used in Experiment 2, and they were allocated to either the gesture-encouraged group or the gesture-allowed group. Following the mental rotation block, the two groups were given a paper-folding task block (see Figure 2) , and neither group was allowed to gesture. In the paper folding task, participants were required to choose, among five options, which pattern the paper would show when it was unfolded. We found that people who were encouraged to gesture in the preceding mental rotation block performed better in the subsequent non-gesturing paper-folding task, compared to the gesture-allowed group. Thus, the benefit of gesture in spatial problem solving can only be generalized when the tasks require similar spatial transformations. We suggested that gesture enhances spatial problem solving by improving the internal computation of spatial transformation. For example, by producing co-thought gestures that simulate manipulating, rotating or twisting an object, one taps into rich sensori-motor experiences of hand-object interaction and is, therefore, able to compute more accurate information on what the object would look like when transformed by the hand. Furthermore, by producing co-thought gestures in which the hand represents an object, one taps into the knowledge of how our body parts look when they are moved, and use that knowledge to compute more accurate information on how the object would look when the object moves. In addition, co-thought gestures could also improve performance of the spatial visualization tasks by facilitating spatial working memory. For example, one may offload the intermediate representations of spatial transformations to the gesturing hand in order to reduce the chance of forgetting the representations.
In sum, gesture can not only reveal our spatial thinking processes during problem solving, but can also play an active role in shaping our spatial thinking. By simulating hand manipulation of the physical objects and the movements of the objects themselves, gesture may enrich our spatial understanding of the outside world and make our mental computation easier.
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